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ABSTRACT: Herein, we demonstrate an effective approach towards functionalization of cellulose nanocrystal (CNC) reducing ends
by means of a Knoevenagel condensation reaction with a reactive b-diketone (acetylacetone). The end-wise modification was eluci-
dated by advanced NMR analysis, which was facilitated by dissolving the CNCs in ionic liquid electrolyte and by the concomitant
assignment of a model compound derived from D-cellobiose. The diffusion-edited 1H experiment afforded a simple method to identify
the assigned model resonances in the reducing end modified CNCs. The condensations can be carried out in aqueous bicarbonate
solutions, avoiding the use of hazardous solvents. Under these preliminary aqueous conditions, end-group conversion of up to 12.5%
could be confirmed. These results demonstrate the potential of b-diketone chemistry and the Knoevenagel condensation for function-
alizing cellulose reducing ends. Application of this liquid-state NMR method for confirming and quantifying reducing end conversion
is also shown to be invaluable. Extension of this chemistry to other 1,3-dicarbonyl compounds and solvation conditions should allow
for the topochemical and (axially) chirotopic installation of functional moieties to CNCs, paving the way to asymmetric cellulose-
based nanomaterials with unique properties.
Cellulose nanocrystals (CNCs) are polymeric nanoscale
building blocks with substantial potential for high-end material
applications. They are isolated top-down from the plant cell
wall, typically by sulfuric acid hydrolysis, resulting in charged,
rod-shaped nanoparticles. The current popularity behind CNCs
is based on their inimitable material characteristics, including
long-range chirality inducing chiral nematic liquid crystal be-
havior1–3, high tensile properties for composite reinforcement4–
6, and a unique water-response, allowing for formation of col-
loidal gels7 even before augmenting their surface chemistry.
The materials spectrum of CNCs, however, can be widely ex-
panded by tailored topochemical modifications. CNCs thereby
serve as multifunctional templates bearing reactive surface hy-
droxyl groups and, effectively, aldehyde (hemiacetal) groups
exclusively on one crystallite end owing to the inherent direc-
tionality of coalescent cellulose I chains.8 These so-called re-
ducing end-groups (REs) would, thus, allow for an asymmetric
and axially chirotopic installation of new, non-cellulosic func-
tionality enabling fundamental changes in the CNC character-
istics, e.g., dispersion behavior or colloidal self-assembly that
might open up further application areas.
Published attempts that selectively targeted cellulose REs
have used aldehyde-specific chemistry including (i) Pinnick ox-
idation, followed by amide formation9–13, (ii) reductive amina-
tion9,14,15, and (iii) hydrazone formation 16–19. Applied to CNCs,
these protocols have, for instance, aimed at an asymmetric in-
stallation of marker molecules for end-group characterization20
or polymerization initiation sites10,11. All aldehyde-specific ap-
proaches, however, face one serious synthetic challenge: the
availability of the REs  ´aldehyde reactive intermediary species
is strongly limited by tautomeric equilibria favoring the stabi-
lized hemiacetals.21,22 The free aldehyde form is, thus, only the
transient open-chain intermediate of mutarotation, which in-
volves proton-transfer in the transition between cyclica- and b-
anomers of reducing end-terminal anhydrous glucose units.23
Even though in water the velocity of mutarotation increases
with temperature, the proportion of free aldehydes remains far
below one percent (e.g. 0.02 % aldehyde-D-glucose at 80 °C),
and only strongly acidic conditions have been shown to force
the equilibrium towards the open-chain form (“reducing
sugar”).21,24,25
Beside the synthetic aspects, end-wise modifications on
CNCs confront us with a true analytical challenge considering
the low abundance of introduced functionalities and given the
low resolution or detection limits of common analytical meth-
ods, e.g., IR spectroscopy, elemental analysis, solid-state NMR.
Therefore, most contributions published so far have relied on
confirmation of end-wise functionalization using indirect meth-
ods, such as microscopy or measuring changes in physicochem-
ical properties of the modified CNCs (e.g. dispersion behavior,
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Figure 1. (a) Multiplicity-edited HSQC spectrum (blue is CH2 and green is CH/CH3) and (b) HSQC-TOCSY (120 s mixing time), at 65 °C,
for the cellobiose-ketone adduct dissolved in [P4444][OAc]:DMSO-d6 (1:4 w/w).
thermal degradation, thermo-response9,10,14) rather than a pro-
found analytical confirmation. These methods often leave be-
hind the question of whether covalent modifications on the
REs have taken place, or rather compound adsorption on the
nanocrystal surface. Based on both synthetic and analytical
challenges we, thus, aimed for: (i) alternative selective, alde-
hyde-specific reactions that activate and functionalize the ano-
meric center, and (ii) a highly sensitive analytical approach
that unequivocally determines the end-wise modification.
We tackled the latter point by using accessible liquid-state
NMR techniques, facilitated by dissolving the modified CNCs
in the ionic liquid electrolyte tetrabutylphosphonium acetate
([P4444][OAc]):DMSO-d6 (1:4 w/w).26 This powerful approach
gives us the unique possibility to confirm the end-wise modi-
fication, assign the newly introduced signals at the REs, and
to estimate their conversion. Additionally, the ketone adduct
of D-cellobiose was used as a low-molecular-weight model
compound, allowing for more profound spectral assignment
to compare with the CNC spectra. For the synthetic part, we
targeted the REs by a Knoevenagel-type condensation using
reactive b-dicarbonyl compounds and acetylacetone (acac) as
first simple representative for a group of potential reactants.
Thus, we propose a novel synthetic concept for the modifica-
tion of cellulose REs. Applied to mono- and disaccharides, re-
actions with acac have been shown to result in the formation
of C-glycoside ketones with high yield and excellent stereose-
lectivity.27–29 Translated to more complex 1,3-dicarbonyl
compounds, this reaction offers the potential to install arbi-
trary functionalities, in one step, to the REs of  unprotected
sugars (e.g. fatty b-diketones yielding C-glycolipids30). More-
over, the condensations can be carried out as a one-pot reac-
tion in aqueous alkaline (bicarbonate) media. The mechanism
(Scheme 1) of Knoevenagel condensation thereby follows the
initial condensation of carbanion and open-chain RE alde-
hyde, water elimination and cyclization to an intermediate C-
glycoside, that finally undergoes retro-Claisen aldolization
under basic conditions.31,32 Applied to CNCs, it was particu-
larly interesting for us to see whether a diketone can access
the cellulose REs under heterogeneous Knoevenagel condi-
tions, expecting a reduced accessibility of this highly crystal-
line substrate in dispersion compared to low-molecular-
weight sugars or polysaccharides in solution. Furthermore, we
were aiming at investigating the exact impact of different ob-
vious reaction conditions (incl. temperature, duration and bi-
carbonate concentration) on the accessibility and functionali-
zation of CNC REs.
Before the reaction was translated to the more complex, het-
erogeneous cellulose system, D-cellobiose was functionalized
in a water-based overnight reaction. The unprotected disac-
charide was thereby converted quantitatively with acac
(1.2 eq.) in the presence of sodium bicarbonate (1.5 eq.) at
90 °C, and the corresponding C-glycoside was obtained in
good purity by a simple precipitation from methanol (see Sup-
porting Information (SI Section S3b). The high conversion of
cellobiose during Knoevenagel condensation can be very
likely attributed to the activating effect of the bicarbonate, act-
ing as both proton acceptor and donor in solution.
Scheme 1. Condensation of cellobiose with acac in aque-
ous bicarbonate and translation of the reaction to CNCs.
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Figure 2. NMR spectra at 65 °C in [P4444][OAc]:DMSO-d6 (1:4 w/w): (a) Standard 1H for cellobiose-ketone, (b) diffusion-edited 1H (with
fast-diffusing species filtered out), (c) band-selective TOCSY (selective irradiation of the H3-region) for CNC-ketone 1, showing correlations
to H7 only; and (d) schematic illustration of CNC cellulose molecular structure before and after RE modification, and molecular structure of
ionic liquid electrolyte used for NMR analysis.
The monobasic bicarbonate, thus, promotes the deprotonation
of acac, but also the ring-opening (mutarotation) of the RE,
which can be both acid and base-catalyzed.33,34 Standard 1H
NMR analysis of the product in D2O (Figure S4) already re-
vealed the introduction of a strong acetyl signal (2.28 ppm –
CH3) together with an almost complete disappearance of the
REs´ b-hemiacetal signal (4.66 ppm) as a consequence of the
ketone functionalization. For detailed structure elucidation,
multiplicity-edited HSQC and HSQC-TOCSY (short-
range/15 ms mixing time and long-range/120 ms mixing time)
were performed at 65 °C on the model compound, dissolved
in [P4444][OAc]:DMSO-d6 (1:4 w/w, see SI Section S4). As
shown in Figure 1(a), all cellobiose ring signals of the RE and
non-reducing end (NRE) are clearly resolved. In this solvent
system, the methyl 1H (9) peak shifted up-field to 2.09 ppm.
Moreover, two additional signals at 2.36 ppm and 2.79 ppm
in the 1H spectral range, and 46.23 ppm in 13C spectral range,
can be assigned to the newly introduced geminal-methylene
group of the ketone functionality. TOCSY correlations (long-
range) can be used to trace the full spin-systems for the sepa-
rate ‘sugar units’ (Figure 1(b)). A weak correlation can further
be observed linking C7 and C9 over the C8 carbonyl. Addi-
tionally, a HMBC experiment (Figure S6) was used to show a
correlation between the C8 carbonyl and the adjacent CH po-
sitions (C7 & C9).
DFT (density functional theory) was used to calculate 1H
and 13C chemical shifts for the expected b-isomer and unex-
pected a-isomer, using glucose as a model sugar (SI Section
S4d). The 1H and 13C NMR chemical shifts were calculated
using the ORCA 4.1.2 package35 with the M06-L functional
and pc-Sseg-3 basis set and implicit conductor-like polariza-
ble continuum model (CPCM) solvation (DMSO). Correla-
tion plots for the isomers are shown in Figure S10, where it is
clearly shown that the a-isomer displays a large downfield
shift for the calculated H7 1H resonances. The calculated H7
resonances for the b-isomer are largely consistent with the
corresponding experimental values, proving that the cellobi-
ose ketone is the b-isomer, which is also consistent with pre-
vious reports.31
After successful assignment of the model compound, we
translated the reaction to CNCs. Rod-shaped nanocrystals (av-
erage size: 125.5 ´ 6.7 nm) were obtained by hydrolysis in 64-
wt % sulfuric acid using a well-established procedure,36,37
starting from cotton linter filter paper (preparation and char-
acterization in SI Section S2). To ensure a good redispersibil-
ity and high colloidal stability in water, after freeze-drying,
the CNCs were used in their sodium salt form (-OSO3Na,
0.30 mmol/g; zeta potential (z) -39.4 mV at pH 5.18). For
NMR analysis, 5 wt % of the freeze-dried CNCs were dis-
solved in [P4444][OAc]:DMSO-d6 (1:4 w/w, see SI Section
S4b) at RT. As described previously26, a sample temperature
of 65 °C was the optimum for giving good signal-to-noise and
resolution, without decomposing the sample. Additionally,
diffusion-editing gave the possibility to distinguish between
cellulose-derived (slow-diffusing) and ionic liquid (fast-dif-
fusing) resonances.26 The latter would otherwise strongly
overlap with the spectral region of the newly introduced ke-
tone species (Figure S5), whereas, in the 1D diffusion-edited
spectra only artifacts of ionic liquid peaks remain. The sensi-
tivity of this powerful NMR technique can be demonstrated
by the fact that we are able to observe signals corresponding
to both the anomeric REs, NREs, remaining sulfate half-esters
on C6 and the introduced ketone groups, which are not resolv-
able using conventional solid-state NMR methods.
A partial conversion of CNC REs was already reached in a
4-hour reaction in 0.45 M bicarbonate (pH 8.5) solution at
80 °C and with an excess of acac (Table 2). Site-specific con-
version was thereby confirmed by correlating 1H NMR signals
of the cellobiose ketone and CNC-ketone 1 (Figure 2). Addi-
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tionally, a band-selective TOCSY experiment (selective irra-
diation of the H3 region) gives clear TOCSY correlations to
the methylene protons of the ketone functionality, whereas the
H3-H9 TOCSY correlations are missing (Figure 2(c)), as
would typically be expected for coupling over 3 bonds.
The relative percentage degrees of RE conversion to ketone
(DC%) were determined by deconvolution of the diffusion-ed-
ited 1H spectra. Deconvolution of the main polymeric H1 peak
vs the ketone H9 peak in the diffusion-edited spectra (SI Sec-
tion S4f, Figure S16 & S17) yielded the most accurate relative
values for DC%, due to the clear separation of the ketone H9
signal after editing out the overlapping low molecular weight
species. However, the diffusion-edited experiment is not
quantitative so a correlation was drawn between the DC% val-
ues obtained from the deconvolution of the quantitative 1H
spectra and the diffusion-edited 1H spectra. This gave a linear
correlation of sufficient accuracy (Figure S17) to determine
the correct magnitude of the DC% values, based on the quan-
titative 1H deconvolutions. The number-average degree of
polymerization (DPn) for pristine CNCs was also obtained
from deconvolution of the polymeric H1 vs NRE, REa and
REb peaks. The DPn value for the pristine CNCs, based on the
NMR deconvolutions (SI S4e & Figure S15), was then used
for DC% determination (according to equation S1). All 1H
NMR spectra and full DC% calculation details are in the SI
(Sections S4e and S4f). In order to further validate the NMR-
based DPn, GPC was used to measure the molar mass distri-
bution (MMD) of the pristine CNCs using either a conven-
tional pullulan calibration method or multi-angle light-scatter-
ing (MALS) (see SI Section S2b). Additionally, the REs of the
unmodified CNCs were quantified using a fluorescent label-
ling with carbazole-9-carboxylic acid [2-(2-aminooxyeth-
oxy)ethoxy]amide (CCOA) (see SI Section S2b).38 A sum-
mary of the obtained data using the different techniques is
shown in Table 1.
Table 1. Number average molar masses (Mn), degrees of
polymerization (DPn), and REs obtained from GPC, NMR, or
CCOA labelling.
Technique Mn [kDa] DP REs [mmol g-1]
GPC – Pullulan 16.3 101 61.3
GPC – MALS 21.4 132 46.7
NMR 10.5 65 95.1
CCOA 11.9 74 84.0
As a consequence of the acid treatment, the CNCs exhibited
a multimodal MMD (Figure S2 and S3). The error for both
MALS and pullulan calibration can be considered as relatively
high owing to the overall low MM of the CNCs reducing the
signal-to-noise of MALS signals, and a non-ideal relationship
between MM and retention time throughout the GPC separa-
tion. Also, the CCOA labelling showed a relatively high error
(see Table S1) and indicated the presence of extra keto groups
in the sample implying a random oxidation along the cellulose
chains. Nevertheless, the values for the DPn and the REs ob-
tained from the different analysis techniques are in a relatively
good agreement, with the NMR and CCOA methods showing
quite similar values. The results further emphasize the merit
of the NMR method when dealing with relatively low DP
samples, such as CNCs. MM determinations for cellulose
samples with GPC (low and high MM) are still challenging
and the data evaluation is strongly affected by the operator
(e.g. baseline alignments, peak selection).
DC% for CNC-ketone 1 was estimated to be 7%, which is
very low compared to the almost quantitative conversion of
cellobiose. We, therefore, aimed at further increasing the end-
group conversion by (i) increasing reaction time and temper-
ature (CNC-ketones 2-4), considering mutarotation as the lim-
iting factor, (ii) repeated reagent addition (CNC-ketone 4),
and by (iii) reducing CNC aggregation (potentially salt or
CNC concentration-induced, CNC-ketone 5), or by using
never-dried CNCs (CNC-ketone 6). The exact parameter sets
and resulting DC% are listed in Table 2.
Table 2. Reaction conditions for Knoevenagel-type conden-
sations with acetylacetone on CNC REs
CNC-
ketone
µmol
acaca
NaHCO3
[mol L-1]
CNC
[mg mL-1]
T [°C],
t [h]
DC%d
1 800 0.45 10 80, 4 6.9
2 800 0.45 10 80, 24 10.6
3 800 0.45 10 90, 24 2.8
4  2 x
800b
0.45 10 80, 48 12.5
5 800 0.10 5 80, 24 3.3
6 800 0.45 ndc 80, 24 2.4
a acac – acetylacetone, per 200 mg CNC; b second reagent ad-
dition after 24 h; c use of never-dried -OSO3H-CNC suspension
(5.5 mg mL-1, see SI Section S3b); d DC = degree of conversion
estimated from diffusion-edited 1H NMR spectra (calculation SI
Section S4f)
An increase of the reaction temperature by 10 °C reduced
the RE conversion significantly by more than 50% (CNC-
ketone 3), irrespective of the expected enhancement of the
mutarotation velocity and reaction rate. In contrast, the DC%
increased with the reaction time and when fresh reagents were
added after the first half of the reaction (CNC-ketone 4). The
increase in end-group conversion as a function of time can be
observed from the diffusion-edited 1H spectra, with an in-
crease in intensity for the ketone H9 signal (Figure 3).
Figure 3. Condensations with acetylacetone – diffusion-edited 1H
spectra at 65 °C in [P4444][OAc]:DMSO-d6 (1:4 w/w) for (a)
CNC-ketone 1, (b) CNC-ketone 2 and (c) CNC-ketone 4.
Nevertheless, the overall conversion remained fairly low in
this reaction system. Beside the mutarotation kinetics, ionic
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strength-induced aggregation was considered as a main factor
limiting the accessibility of CNC REs. It has been shown that
the presence of monovalent cations destabilizes CNC suspen-
sions, which dramatically increases with the salinity (e.g. for
NaCl between 2 to 200 mmol L-1) forming side-by-side lateral
and branched CNC aggregates.39,40 Conversely, even though
CNC aggregation might have been reduced for CNC-ketone 5
(lower bicarbonate concentration), the increased dilution fac-
tor of the system obviously complicated the reaction. Moreo-
ver, bicarbonate was still introduced in large excess to both
the diketone (acac:bicarbonate = 1:5 mol/mol) and the REs.
Therefore, a hampered reagent and end-group “activation” is
rather unlikely as a reason for the diminished conversion in
reaction 5. Freeze-drying before the chemical modification
was considered as another factor causing (partially) irreversi-
ble CNC aggregation and, thus, a reduced RE accessibility.
Therefore, we expected a significantly higher functionaliza-
tion for reactions starting from never-dried nanocrystals
(CNC-ketone 6). These CNCs were freshly hydrolyzed and
purified, and used in their original protonated form (-OSO3H).
This also excludes a potential salt-induced aggregation during
the pH adjustments throughout the CNC preparation (see SI
Section S2a). Nevertheless, compared to reaction 2, the DC
was noticeably reduced, which might be again a consequence
of the high dilution factor (5.5 mg CNC per mL). Overall, the
highest DC% of 12.5% was reached in a 48-hours reaction,
with a second diketone addition after 24 hours. This is a very
common approach to increase the reagent concentration gra-
dient forcing the reaction equilibrium toward the product.14
Why the conversion was then restricted to less than 20% likely
reflects the complex interplay between RE mutarotation kinet-
ics and the applied reaction conditions, whereby the reaction
time might have been the limiting factor here. Compared to
the applied Knoevenagel conditions, the CCOA labelling,
where we used an oxime reagent for end-group analysis, pre-
sumably gave a full conversion (see Table 1) within 7 days at
a pH of 4.5 (see SI Section S2b). That a quantitative conver-
sion of reducing sugars can also be realized under mildly basic
conditions, has been demonstrated by our model compound
cellobiose. However, even in the case of the disaccharide, the
condensation reaction proceeded relatively slow (> 12 h).
Combined with the expectedly restricted accessibility of the
highly crystalline CNCs, significantly longer reaction times
might be the key towards a quantitative conversion of the
cellulose REs. Moreover, it has been shown that CNCs, even
when freshly hydrolyzed, often exist in complexes of laterally
assembled elementary crystallites, rather than single rods41,
which might reduce the accessibility of the individual CNCs´
REs further. Whether these issues affect other CNC RE mod-
ification strategies is not clear, due to the lack of suitable di-
rect analytics, up until now. Benchmarking of these systems
using liquid-state NMR now seems to be a logical progression
of this work.
In conclusion, we can state that Knoevenagel condensations
using reactive 1,3-dicarbonyl compounds are a selective way
to target the REs of CNCs. Combined with the advanced liq-
uid-state NMR techniques used in this study, one is able to
establish the topochemical CNC modification using a direct
analytical method. However, in order to increase the REs´
conversion, further studies on the condensation mechanism
would be important. These should, particularly, explore the
long reaction durations and, additionally, the possibility of us-
ing alternative solvent systems to improve dispersion (reduce
aggregation). Moreover, we envisage that this chemistry may
be translated to more complex 1,3-dicarbonyl compounds of-
fering the potential to install a library of different molecular
building blocks in one step, topochemically and chirotopi-
cally, to CNC REs.
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